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Abstract 
Slope failure continues to pose risks to society because knowledge of environmental 
factors and their interactions are unclear and possibly misunderstood. This misunderstanding 
leads to generalizations about slope failure susceptibility mapping, despite knowing that slope 
failures are likely the result of an extensively complex set of interactions among a number of 
environmental, edaphic, and geomorphic characteristics. Therefore a series of experiments were 
conducted to investigate the effects of slope, soil texture, vegetation cover, bedrock permeability, 
and compaction,. A wooden flume with a slope face 1 m wide by 1.5 m long with a 10 cm toe 
was constructed to contain soil upon which simulated rainfall was applied. The length of time 
from the beginning of the simulated rainfall to visible evidence of slope failure was recorded and 
evaluated using analysis of variance.  
Significant differences in time to failure were observed between different vegetation 
covers and soil textures, where the coarse-textured soil was generally less stable. Other 
treatments, including simulated bedrock permeability and slope angle, were also determined to 
have significant influences on time to failure, though trends among slope angle and bedrock 
permeability could not be described as generally positive or negative. Compaction significantly 
impacted time to failure when in combination with other factors, but not alone. Other 
observations were noted as they related to position of the slope failure on the slope face. The 
slope was less stable at localized thin points in the soil and points on the face at or above the 
midway point of the face. Field examination of shallow slope failures revealed trends such as 
localized thin points in the soil profile and the toe of the slope failure and localized thick points 
in the soil profile at the head. Slope failures occurred on backslopes and slope crests in the field.  
This study demonstrated that environmental factors work in conjunction with one another to 
stabilize or compromise slope stability and cannot be generally characterized as detrimental or 
  
beneficial. Based on rainfall simulation and actual field data, this study also demonstrated the 
complex interactions among environmental, edaphic, and geomorphic factors as they relate to 
slope stability. 
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Chapter 1. Introduction 
Research Objective 
The objective of this research was to study the factors (i.e. soil texture, slope angle, 
vegetation, bedrock permeability, and compaction) that affect slope stability, especially 
vegetation. With controlled experiments, it is possible to delineate which factors work together 
to increase slope stability and which work together to decrease slope stability. Field assessment 
will allow for the testing of relationships observed during the experiment phase and to test the 
validity of the experimental component. 
 
Factors Controlling Slope Failure in Northwest Arkansas 
 Because relatively little research has been conducted on mass movements in Northwest 
Arkansas (Figure 1), it is assumed that factors linked to slope stability in areas of similar settings 
should be examined. Factors examined by Swanson and Swanston (1977) include geologic, 
climatic, and biotic factors. This study will also look at geomorphic and edaphic factors as well 
as human disturbance factors, due to the fact that the field sites are adjacent to Interstate-540 
(proximal to Exit 29: Mountainburg). 
 
Geology 
 The geology of the field sites along Interstate-540 in Northwest Arkansas lies in the lower 
Atoka formation, which formed in the Pennsylvanian (Harris et al., 1985). The Atoka formation 
time series consists of layers of sandstone and shale (Croneis, 1930). 
. 
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Figure 1. Study area in Northwest Arkansas. Field assessment took place in Crawford County 
(pink) along Interstate-540 which is generally oriented North-South. Interstate-40 is generally 
oriented East-West in the southern portion of Crawford County. The blue segment along 
Interstate-540 is the field site.  
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The lowest extent of the Atoka formation consists of alternating layers of fine- to very fine-
grained sandstone. Above, a small distributary channel and delta formed, creating a time break. 
The next deposit consists of cross-bedded shaley fine-grained sandstone, coated with melanterite. 
Above this deposit exists another time break created by a delta prograding seaward. The next 
deposit is shaley siltstone, overlain by another time break brought on by another delta prograding 
seaward. Above the time break exists a medium- to fine-grained sandstone overlain by a time 
break. Above the time break exists a massive sandstone with fractures, where aragonite crystals 
formed. A time break, created by a freshwater channel at the top of a delta, overlies the massive 
sandstone. Overlying the time break exists alternating beds of very thin fine-grained 
carbonaceous sandstone. A microdelta time break separates the carbonaceous sandstone from 
thin beds of very-fine grained, iron-cemented sandstone. A delta front serves as a time break 
separating the iron-cemented sandstone from colluvial material containing small boulders with 
thinly-bedded sandstone (Harris et al., 1985). 
The local geology consists of Atoka sandstone, shale, and siltstone (Bush, 1978). Near the 
field site, distributary deposits are exposed with underlying fringe deposits (Bush, 1978). Above 
those deposits lie on cross-bedded limy sandstone, which could be channel deposits, beach sand, 
or off-shore deposits (Bush, 1978). 
 At the field site, shale is a major component of the underlying geology. As noted by Croneis 
(1930) the Atoka formation is interbedded sandstone and shale with higher amounts of sandstone 
in the north and higher amounts of shale in the south, though the Atoka formation is variable. 
The slope failures that occurred in the study area were shallow rotational slides (slumps) which 
typically occur in relatively homogeneous clay and shale deposits (Giani, 1992). Because 
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fractures are prevalent in the geologic environment of Northwest Arkansas, a possibility exists 
that fractures, or other discontinuities, might underlie the field sites.  
 
Geomorphology  
The field sites lie within a valley in the Boston Mountains of Northwest Arkansas. The 
Boston Mountains run East-West and are generally composed of little folded Pennsylvanian-age 
sandstone and shale (Croneis, 1930; Paradise, 2010). Folds within the Boston Mountains are 
southward-dipping monoclonal folds. The Boston Mountains appear uniformly flat but are highly 
irregular with plateaus that are deeply incised by streams (Croneis, 1930).  Steep cliffs are 
capped by resistant basal sandstone from the Atoka formation and narrow valleys are 500 to 
1250 feet deep (Croneis, 1930). In the Boston Mountains, the most susceptible unit might be the 
Mississippian Fayetteville Shale (Radbruch-Hall et al.,1981). Field sites are backslopes and hill 
crests (National Resource Conservation Service, 2011), generally and slopes range from 17º to 
36º. 
 
Soils and Hydrology 
 Soils at the field site consisted of two formations. The majority of the sites fell within the 
Nella-Enders formation, which is composed to 50% Nella and similar soils, 40% Enders and 
similar soils, and 10% minor components. Nella soils form on the backslope position of hills at 
grades between 20% and 40%. Typically, the soil consists of gravelly fine sandy loam with a 
moderate available water capacity and moderately high to high saturated hydraulic conductivity 
(National Resource Conservation Service, 2011). 
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 Enders soils, like Nella soils, form on the backslope position of hills at grades between 20 
and 40%. Soils in the Enders formation consist of gravelly fine sandy loam at the surface, 
underlain by gravelly loam, which is underlain by a thick layer of clay and weathered bedrock at 
a depth of 147.3 to 149.8 cm, in general. The available water capacity is moderate and the 
Enders soils have a very low to moderately low saturated hydraulic conductivity (National 
Resource Conservation Service, 2011). 
 The other soil formation at the field site is Mountainburg Gravelly Fine Sandy Loam. 
Mountainburg Gravelly Fine Sandy Loam forms at the crest of hills at grades between 3 to 8%. 
Typically, these soils consist of gravelly fine sandy loam, underlain by very stony sandy loam, 
and unweathered bedrock at a shallow depth of 43.2 to 50.7 cm. The available water capacity is 
very low and the Mountainburg Gravelly Fine Sandy Loam has a moderately low to moderately 
high saturated hydraulic conductivity (National Resource Conservation Service, 2011). 
 Laboratory experiments were conducted in Western Virginia, where soil was excavated to 
represent fine-textured soil. The soil collected was determined to fall in the loam textural class 
by using the hydrometer method (Gee and Bauder, 1979) which formed on calcareous 
interbedded shale and limestone (National Resource Conservation Service, 2011).  
 
Climate 
 Northwest Arkansas falls near the northwestern most extent of the humid subtropical 
climate zone (Koppen, 1936; Peel et al., 2007). More specifically, Arkansas has a temperate 
climate with short winters and hot summers (Paradise, 2010). The average air temperature for the 
region ranges from -2º C to 34º C and the annual precipitation is typically 112-117 cm per year 
(Paradise, 2010), with most of the precipitation occurring in spring and fall and dry summers 
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(National Weather Service, 2012). The majority of the rainfall occurs in April and May (National 
Weather Service, 2012). Typical rainfall intensity in Northwest Arkansas is roughly 8.9 cm/hr 
(Hershfield, 1961). 
 
Vegetation 
 The vegetation of the Ozark Plateau is generally comprised of hardwoods including oaks, 
white oaks, hickory, sweet gum, and sugar maple while the lowlands are comprised of cypress, 
Ozark witch hazel, elm, and other bottomland hardwoods (Paradise, 2010). Pines in the area are 
associated with subsurface sandstones which generate acidic soils (Paradise, 2010). These forests 
have been disturbed by the construction of Interstate-540 and the field sites are composed of 
grasses and scrub-shrub vegetation with pines on the slope face. A line of trees line the crest of 
the slopes at the field sites. The impact of vegetation on slope stability can be divided into the 
strength of the root system in holding the soil on the slope face and the influence of the 
vegetation on the hydrology of each site; though Sidle and Ochiai (2006) note that the root 
system is generally more significant in stabilizing the slope. 
 
Human Disturbance 
 The construction of Interstate-540 in Northwest Arkansas began in 1995 and was completed 
in 1999 (Arkansas Highway and Transportation Department, 2004). The construction introduced 
a level of disturbance to the surrounding slopes. One of the field sites was disturbed during the 
construction of the interstate. The two other sites were not clearly disturbed by the construction. 
 Slumps along Interstate-540 in Northwest Arkansas were examined and experiments 
were conducted after field assessment in order to determine the role of environmental factors 
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previously tied to slope stability that are likely present at field sites. Those factors include 
discontinuities, soil texture, compaction, slope angle, and vegetation. 
 
Hypotheses 
Slope angle is hypothesized to have a significant impact on time to failure, where a 15° 
angle will take the longest time to fail and a 25° angle will take the shortest time to fail, while a 
20° angle will fail at a time between 15° and 25°. Simulated bedrock permeability is 
hypothesized to have an impact given that it allows water to pass through the system (Sidle and 
Ochiai, 2006), but not at a rate that will make a significant difference. It is hypothesized the 
slopes composed of a compacted soil will take less time to fail, on average, than non-compacted 
soils. Experiments will be carried out to characterize the impact of each factor in conjunction 
with other variables. 
It is important to conduct field work to test any relationships that might be revealed during 
the experiment component in order to observe if these relationships work in nature as they do 
during controlled experiments. Conducting field work to compare each treatment combination to 
the treatment combinations to be used during the experimental component would be labor 
intensive and time-consuming. Attempting to discover field sites that would match each 
treatment combination tested would also be time-consuming. The experimental component of 
this study will allow for control to be exerted while studying factors related to slope stability, 
which has been deemed optimal. 
 While many previous slope failure studies have conducted laboratory experiments or field 
assessment, few studies have conducted both components. Field assessments concerning slope 
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failures have not been conducted in Northwest Arkansas, though there are numerous accounts of 
mass movement in this region. 
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Chapter 2. Literature Review 
Natural hazards continue to plague a planet with a population that continues to grow. These 
hazards will only cause more injury, death, and destruction. Humans can migrate away from 
these areas of high risk but rarely do. Preventative measures can be taken in some cases but 
rarely can the hazard itself be affected. Slope failures are an example of natural hazards that are 
less predictable but can be directly affected with engineering and vegetative planting techniques. 
Engaging in mitigating slope failures could save millions of dollars and human lives. 
 Slope failures have wreaked havoc on landscapes and communities in the past. In the United 
States, slope failures are estimated to have caused between $1.3 billion and $3.6 billion (United 
States Geological Survey, 2009). Slope failure damage associated with the El Niño event of 1998 
caused an estimated $140.9 million in damage (Highland et al., 1998). Construction will not 
cease in areas of slope failure susceptibility and the amount of financial damage will continue to 
grow unless environmental factors that control slope stability, or instability, are further studied 
and mitigation measures implemented. 
 Slope failures are triggered by a decrease in shear strength or an increase in the shear stress 
on a given slope. This inverse relationship between shear strength and shear stress is referred to 
as the factor of safety (FOS) in slope failure studies. The FOS refers to “the margin of safety 
required in the building of engines, bridges, houses, etc.” (Meltzer, 1907, page 481). In terms of 
slope failure studies, FOS also refers to the stability of a hillslope. 
 Several variables contribute to a slope’s stability and there are several ways in which to 
describe them (Figure 2). Considering FOS, these factors can be divided into factors that increase 
shear stress and decrease shear strength (Highway Research Board, 1978; Ritter, 1978). Because  
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Figure 2. This conceptual model shows the intricate relationship between each of the 
factors as well as their relationship to slope stability. 
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slope failures are events, these factors can also be divided into precondition, or quasi-static, 
factors and preparatory and triggering, or dynamic, factors (Wu and Sidle, 1995; Komac, 2006). 
 
Factors that Increase Shear Stress 
 Removal of support has been identified by Highway Research Board (1978) and Ritter 
(1978) as a factor that increases shear stress. Removal of lateral support encompasses erosion, 
natural slope movements, and human activity (Highway Research Board, 1978; Ritter, 1978). 
Erosion can be further divided into categories of river/stream erosion, erosion associated with 
glaciers, and erosion associated with waves and marine currents (Highway Research Board, 
1978; Ritter, 1978). None of the aforementioned sources of erosion are associated with the field 
sites along Interstate-540 in Northwest Arkansas, however, so it is not necessary to discuss 
erosion in this study. Northwest Arkansas is an area susceptible to slope movements, especially 
along roadways, so it is necessary to discuss the impact of natural slope movements and human 
activity on slope stability. 
 When a slope fails, the support is removed from the soil profile on the slope face above 
(Highway Research Board, 1978). So (1971) also determined that severe slipping occurs in areas 
where vegetation has been restored after a previous mass movement. So (1971) noted areas that 
had been covered with material that had previously failed and moved downslope. Vegetation was 
restored at these areas and at that point is when severe slipping had been noted as the vegetation 
slowed runoff and promoted percolation of water into the soil profile (So, 1971). The 
combination of the material which had previously failed with a  vegetation cover that was 
increasing the amount of water entering the system, which increased weathering and decreased 
grain-to-grain friction, created local environments susceptible to slope failure (So, 1971). 
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 The disturbance associated with human activity and the impact on slope stability concerns 
cuts and excavation, removal of retaining walls or sheet piles, and drawdown of water bodies 
(Highway Research Board, 1978; Ritter, 1978). Road construction increases erosion (Beschta, 
1978). Beschta (1978) noted that for the watersheds examined the change in land use (logging 
and addition of roads) increased annual sediment yield in the drainages five-fold and monthly 
sediment yields increased as much as ten-fold. Erosion removes material from the slope, which 
can remove support, creating environments susceptible to slope failure.  Of the human activities 
that affect slope stability along Interstate-540, cuts and excavation associated with the 
construction of the interstate have the biggest impact. 
 Removing support increases the shear stress of a slope. The addition of mass also increases 
shear stress (Highway Research Board, 1978; Ritter, 1978). Addition of mass encompasses 
natural and human causes (Highway Research Board, 1978; Ritter, 1978). Natural addition 
consists of weight of precipitation and addition of mass through previous mass movements, 
according to Highway Research Board (1978) and Ritter (1978), but heavy vegetation, such as 
trees, also adds weight to slopes naturally for slopes composed of thicker soil profiles (Collison 
and Anderson, 1996; Genet et al., 2010). 
 Addition of mass through human activity includes addition of structures at the crest, 
addition of water through leaks in pipes, and construction fill (Highway Research Board, 1978; 
Ritter, 1978). Addition of construction fill onto the slope as a part of the construction of 
Intertstate-540 in Northwest Arkansas is most likely the main human source of mass addition at 
the field sites. Highway construction creates susceptible slopes through other methods as well; 
removal of support through undercutting slopes has been discussed but slopes can also be 
oversteepened and hydrology can be altered concentrating water into unstable portions of the 
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slope (Sidle and Ochiai, 2006). Slopes adjacent to roadways are susceptible to failure if the road 
cut took place in the residual soil mantle or regolith (Megahan, 1972, 1986; Burroughs et al. 
1976). Construction of Interstate-540 in Northwest Arkansas possibly took place in the soil 
mantle or regolith. The construction of Interstate-540 removed support from the toe of the slope 
through road cuts and added weight to the face of the slope by adding the fill material to the 
slope, creating environments susceptible to slope failure. 
 Transitory effects, such as earthquakes, increase shear stress (Highway Research Board, 
1978; Ritter, 1978), however Northwest Arkansas is not a region prone to earthquakes. The 
process of hydrofracking may increase earthquake activity in Central Arkansas (Horton, 2012), 
which could transmit to Northwest Arkansas. In the future, Northwest Arkansas may experience 
more earthquake activity from the hydrofracking processes in Central Arkansas which could 
generate slope failures. 
 Removal of underlying support increases shear stress and can be divided into human 
activity, such as mining, and several factors that can be attributed to natural activity (Highway 
Research Board, 1978; Ritter, 1978). Natural activities that remove underlying support include 
rivers/seas, underground erosion, and two factors tied to underlying geology: weathering and loss 
of strength of underlying material (Highway Research Board, 1978; Ritter, 1978). 
 Slopes are able to achieve steeper slope angles when the regolith or bedrock are 
unweathered or have undergone minimal weathering (Deere and Patton, 1971), because 
weathering decreases soil strength (Ball and O’Sullivan, 1982). However, Huat et al. (2005) 
determined that infiltration rates are higher in unweathered soil and decrease with weathering 
grade. Rate of weathering also determines the type of mass movement to be expected, where 
rotational slides are more likely to occur on highly altered and weathered rock (Giani, 1992). 
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Weathering regimes may determine the slip surface because of the impact weathering has on 
attributes of the regolith including hydrological, mineralogical, and mechanical attributes (Sidle 
and Ochiai, 2006).   
 
Factors That Decrease Shear Strength 
Factors inherent in the nature of the materials are listed by Highway Research Board (1978), 
but not Ritter (1978) and can be described as rock structure. Composition, structure, secondary 
structures, and stratification comprise factors inherent in the nature of materials (Highway 
Research Board, 1978; Sidle and Ochiai, 2006).  
Certain regolith and bedrock types can facilitate slope failure (Sidle and Ochiai, 2006). 
Their composition partially determines the rate of weathering (Sidle and Ochiai, 2006), soil 
formation (Jenny, 1941), and structure (Sidle and Ochiai, 2006) among other factors. The type of 
material determines the type of failure as well. As Giani (1992) notes, rotational slides occur in 
relatively homogeneous clay and shale deposits where pore pressures are high enough to cause 
rotational slides, as opposed to translational slides. For Northwest Arkansas, Radbruch-Hall et al. 
(1981) determined that the Mississippian-age Fayetteville Shale is the unit most conducive to 
failure. 
 Geologic structure determines slope stability through creating weak surfaces prone to 
sliding, allowing water to pass into the overlying soil mantle, and speeding up weathering which 
weakens the regolith (Sidle and Ochiai, 2006). Discontinuities such as fractures, joints, and 
bedding planes have a control on engineering properties by dividing the mass into blocks 
(Kliche, 1999) and play a role in determining the slip surface (Giani, 1992; Gray and Sotir, 
1996). As Giani (1992) notes, the slip surface of rotation slides is seldom uniform concave 
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upward because discontinuities determine the slip surface. Though discontinuities allow water to 
pass through from the bedrock into the soil mantle, discontinuities also allow water to pass from 
the soil mantle into the underlying bedrock. 
Certain bedding sequences can lead to unstable slopes (Sidle and Ochiai, 2006). Examples 
of unstable bedding sequences include hard and soft rocks alternating, competent bedrock or till 
overlain by thin soil, relatively low permeability bedrock overlain by highly altered, permeable 
regolith, and deeply weathered rocks overlain by hard caprock with fissures or fractures (Sidle 
and Ochiai, 2006). 
Soil properties have an impact on occurrence of minimum FOS (Rahardjo, 2010) and thus, 
slope stability. Factors that contribute to soil texture include the parent material and from the 
time allowed for the soil to form (Jenny, 1941). Characteristics of bedrock and regolith have an 
impact on characteristics of soil chemistry, mineralogy, and engineering properties (Sidle and 
Ochiai, 2006). Pore spaces within the soil are determined by texture. Coarse-grained soils have 
more macropores which cannot exert the capillary force of matric suction on water in the soil 
that soils containing more micropores can (Rahardjo et al., 2010). Conversely, fine-grained soils 
have fewer macropores and the ability of mass transport of water and gas is inhibited. Additional 
force is needed to push the water through the fine-grained soil. Sand grains are the largest soil 
particles and provide an abundance of macropores which transport water through the soil profile 
(Hillel, 2004), though sand has the lowest amount of water storage (British Columbia Ministry of 
Agriculture, Food and Fisheries, 2002). Clay grains are the smallest soil particles and have the 
greatest surface area as well as an electric charge (Hillel, 2004). Clay grains have an abundance 
of micropores which store water and have the greatest amount of water storage (British 
Columbia Ministry of Agriculture, Food and Fisheries, 2002). Soils with more strata that also 
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have deep water tables and higher variability in wet and dry periods are less stable after a 
precipitation event (Rahardjo et al., 2010). Coarse-grained soils also have lower stability after a 
precipitation event (Rahardjo et al., 2010). 
Though fine-grained soils require greater force for water to percolate through the system, 
matric suction is an important force in soil adhesion. By exerting a force on the water in soil 
pores, matric suction produces adhesion in unsaturated soil. Matric suction increases the strength 
of a soil (Huat et al., 2005) and has been determined to be related to shear strength (Vanapalli et 
al., 1996). Generally as the force of matric suction increases, the shear strength of the soil also 
increases. 
The compaction of a soil affects the soil structure and, in turn, a soil’s ability to transmit 
water that enters the system. When a soil is compacted the macropores are destroyed and the 
soil’s ability to handle the mass transport of water and air is hindered (Koenig and Cerny, 2010). 
In a compacted soil, that lacks macropores to transport water away through infiltration and 
percolation, the water is instead held in the micropores. This decreases the amount of time it 
takes to saturate the compacted soil and increases the amount of time it takes for water to leave 
the system through the force of gravity (Trudgill, 1988). Collapse potential has been shown to 
increase with higher moisture contents and generally decrease with higher rates of compaction in 
fine-textured soil (Rao and Revanasiddappa, 2000).  
In rainfall induced slope failures, matric suction is an important variable and the 
reduction of matric suction has been determined as a factor for determining FOS (Rahardjo et al., 
2010). Matric suction is the capillary force exerted on water in the smallest soil pores. Matric 
suction, by exerting a force on the water in micropores, produces soil adhesion in unsaturated 
soils. It has also been determined to be related to shear strength (Vanapalli et al., 1996). When a 
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soil becomes saturated the effect of matric suction is lost, making slopes susceptible to shallow 
slope failures during episodes of heavy rainfall (Huat et al., 2005). 
Because matric suction and water content are related to each other, the amount of water 
in the soil and how the soil handles the water, from infiltration and runoff to internal drainage, 
become important factors in slope stability. There are several factors that can contribute to how a 
slope may handle water including soil structure (Trudgill, 1988; Rahardjo et al., 2010), 
compaction (Kim and Lee, 2010), vegetation cover (Rutter et al., 1971; Fatahi et al., 2010), and 
slope. 
The effect of matric suction is lost when a soil becomes saturated, making a slope susceptible 
to shallow slope failures during periods of heavy rainfall (Huat et al., 2005; Fredlund and 
Rahardjo, 1993). Matric suction varies by temperature as well, showing lessened effects at times 
of temperatures above freezing (Nguyen et al., 2010). Depth of wetting front has been shown to 
stop at a certain point in a soil profile (Rahardjo et al., 2010), though Cho and Lee (2002) state 
that surficial failures can be attributed to the advancement of depth of wetting front. Depth of 
reduction of matric suction has been determined to be a variable in calculating FOS (Rahardjo et 
al., 2010). Pore-air pressure (Fredlund et al., 1993) and internal friction (Bibalani and 
Majnounian, 2008) also contribute to increase factor of safety. 
Infiltration is affected by soil physical properties as well. The time that a residual soil has had 
to weather decreases the amount of infiltration that the soil allows (Huat et al., 2005). Infiltration 
rates do not respond to higher rates of rainfall intensity, though (Rahardjo, et al., 2010). 
Soil depth affects slope stability in a direct way. The thinner the soil, the less pore space 
exists for handling incoming water, making the permeability of the bedrock more of a factor. 
Thicker soil profiles have more capacity to store water, however the failures occur that are 
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greater in magnitude. Soil thickness varies locally and is dependent on topography (Heimsath et 
al., 1999). 
 
Quasi-Static Factors 
 Factors influencing slope stability that are not discussed by Highway Research Board (1978) 
and Ritter (1978) include slope, elevation, and aspect (Wu and Sidle, 1995; Sidle and Ochiai, 
2006). Aspect and elevation are not dominant controls on slope stability, though have an effect in 
combination with other factors (Sidle and Ochiai, 2006). 
 The impact of aspect on slope stability is associated with hydrologic processes such as 
evapotranspiration (Sidle and Ochiai, 2006). In the Northern hemisphere, North-facing slopes are 
generally drier and moisture content is less variable in comparison to South-facing slopes 
(Churchill, 1982; Sidle and Ochiai, 2006). In the Northern hemisphere, rainfall-induced slope 
failures are expected to occur on North-facing slopes more often. 
 Elevation has no physical tie to slope failure occurrence, though Sidle and Ochiai (2006) 
note that many studies show a strong statistical relationship between elevation and slope failures. 
Elevation is linked to other factors such as slope angle, lithology, precipitation, weathering, soil 
thickness and land use (Sidle and Ochiai, 2006). 
 Among the quasi-static factors noted by Wu and Sidle (1995) not discussed by Highway 
Research Board (1978) and Ritter (1978), slope angle has the most dominant control. With the 
availability of digital elevation models (DEM), the incorporation of slope angle in slope failure 
studies incorporating GIS is becoming more prevalent (Sidle and Ochiai, 2006). The relationship 
between increasing slope angle and slope stability is sometimes oversimplified and the dynamic 
of slope angle in affecting slope stability is local and variable, making it difficult incorporate 
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coarse elevation data in slope failure studies as opposed to field assessment (Sidle and Ochiai, 
2006).  
 
Dynamic Factors 
Climate and vegetation cover are relatively dynamic factors associated with slope failure 
studies (Wu and Sidle, 1995). The importance of climate in slope failure studies mostly concerns 
precipitation. The impact of precipitation involves the rainfall intensity given that short-term 
rainfall intensity has been associated with rainfall-induced slope failures (Sidle and Ochiai, 
2006). The timing of the rainfall also plays a role in initiating slope failures. In Northwest 
Arkansas, the annual precipitation distribution is bimodal, with the majority of precipitation 
falling in the spring and fall (National Weather Service, 2012). With dry summers in Northwest 
Arkansas, slope failures are highly likely to occur during the fall because of a variable water 
table (Rahardjo et al., 2010) and a high amount of precipitation falling. 
Multiple factors have an effect on water content and slope stability but the slope cover also 
plays an important role. Bare soil will allow for higher infiltration rates, where vegetation cover 
will inhibit flow to the soil profile (Huat et al., 2005). Climate is a highly dynamic factor, though 
vegetation cover is also dynamic.  
Several studies examine the manner in which vegetation, especially the root system, can 
stabilize a slope. Factors such as root tensile strength (Genet et al., 2010), root length (Stokes et 
al., 2009), root architecture (Danjon et al., 2008), planting density (Loades et al., 2010; Osman 
and Barakbah, 2011), planting diversity (Osman and Barakbah, 2011), plant species (Genet et al., 
2010), spatial distribution of trees (Roering et al., 2003), and placement of trees (Collison and 
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Anderson, 1996; Danjon et al., 2008; Genet et al., 2010) have all been shown to affect FOS, 
shear strength, or slope stability.  
Vegetation has a stabilizing force on slopes. Komac (2006) and Sidle and Ochiai (2006) 
identified cover type (vegetation) as the third most significant factor in all slope failures. 
Initially, vegetation might not greatly impact slope stability but, with time, can show 
improvements in stabilizing slopes (Lammeranner et al., 2005). Vegetation succession pattern 
also increases the impact of vegetation where grasses aid slope stability at first but as succession 
progresses, the effect of grass is less significant (Osman and Barakbah, 2011).  
Other vegetation characteristics, such as density and diversity, also contribute to slope 
stability. Loades et al. (2010) noted that a higher planting density does not significantly increase 
root area ratio, thus shear strength of a soil does not increase significantly with a higher planting 
density. However, Osman and Barakbah (2011) noted that planting density, as well as planting 
diversity and natural succession, contribute to slope stability.  
The above ground biomass of vegetation cover is underestimated by past literature. When 
water enters a system, mainly through precipitation, vegetation cover absorbs rain drop impact, 
which breaks up soil aggregates that clog proximal macropores, inhibiting the movement of 
water from the surface to the subsurface (Ellison, 1945). Collison and Anderson (1996) noted 
that canopy runoff, when a leaf slows a rain drop’s movement but releases the rain drop to the 
ground, is a detrimental impact of trees on a slope. However, the distance between the canopy 
and the ground is much smaller than the distance between the base of the cloud and the ground. 
Vegetation’s aboveground biomass not only absorbs rain drop impact, but absorbs water through 
rainfall interception. Interception limits, if only a fraction of, the amount of water that reaches 
the soil (Rutter et al., 1971). Bibalani and Majnounian (2008) showed a relationship between 
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increasing FOS with increasing canopy cover and internal friction.  The aboveground mass also 
reduces directly underlying soil temperature and increases humidity, causing retention in water 
and lower matric suction in the soil (Kim and Lee, 2010).  
Most of the work done in explaining the complex relationship between vegetation and slope 
stability has been done on the root system (Sidle and Ochiai, 2006). Collison and Anderson 
(1996) found that the ideal vegetation distribution was when trees (vegetation with deep tap 
roots) were either planted at the toe of the slope of planted to cover the face of the slope. Genet 
et al. (2010) and Danjon et al. (2008) came to the conclusion that shallow root systems increased 
FOS at the head or toe of the slope where root systems with deep tap roots increased FOS when 
placed on the slope face. Gaps in these planting areas, where vegetation with shallow root 
systems exist between vegetation with deep tap roots, create areas of weakness on slopes where 
slope failures might occur (Roering et al., 2003). Root systems of vegetation with deep tap roots 
(trees and shrubs) grow deeper in shallower soils where roots can penetrate bedrock fractures 
(Stokes et al., 2009). Stokes et al. (2009) also found root stabilization to be directly related to 
root length and inversely related to root thickness. The root system also takes up water for the 
plant and, in the process, reduces water content which increases matric suction, and increases 
soil suction and shear strength (Fatahi et al., 2010).  
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Chapter 3. Methods and Materials 
Field Methods 
 Field assessment was conducted along Interstate-540 in Crawford County in Northwest 
Arkansas (Figure 3). Three sites containing ten slope failures proximal to Mountainburg, 
Arkansas were photographed and measured. Dimensions of the slope failures (length, width and 
depth) at each site were measured as well as the position of the slope failure on the face of the 
slope determined. Depth to refusal was measured on the slope face within 3.6 m above and 
below the slope failure (if applicable) in 90 cm increments using a 45.7 cm by 1.9 cm piece of 
rebar. 
 For each site, 3 soil samples were collected from each slope failure scarp (Figure 4). One 
sample was collected from the head, the middle, and the toe of each slope failure for the ten 
slope failures totaling 30 soil samples. The samples were collected using an auger measuring 2 
cm in diameter.  
 
Soil Analyses 
 
 The soil samples collected in the field (1 replication each) and loam from the experiments (3 
replications) were analyzed using the hydrometer method (Gee and Bauder, 1979). The sand was 
dry sieved. Soil samples were oven dried at 70° C for 48 hours. Samples were disaggregated 
with a mortar and pestle. Fifty grams (g) of each soil sample were transferred into a 250-mL 
Erlenmeyer flask. Sodium hexametaphosphate (100 mL) was added to the Erlenmeyer flask 
along with each soil sample in order to deflocculate the clay particles. The soil suspension was 
transferred to a 1-L sedimentation cylinder and filled with deionized water to the mark of 1 L. A 
blank solution without soil was also prepared. The temperature of the blank was measured at the 
beginning of the soil analysis as well as at the conclusion of the laboratory procedures.  
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Figure 3. Aerial photograph of field sites proximal to Mountainburg Exit along Interstate-540. 
Red dots indicated slope failures examined. The major roadway (generally oriented North-South) 
in the aerial imagery is Interstate 540. 
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Figure 4. Diagram soil sample collection using photograph of slope failure 4. Samples were 
collected at random points within each zone (not in a straight line parallel to the slope). Yellow 
arrows denote the random sampling but this pattern was not the same for every slope failure. The 
white lines show extent of the slope failure dimensions. Slope failure 4 measure 1.8 m in length, 
2.3 m in width, and 15.2 cm in depth. 
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A plunger was used to mix the solution of each cylinder. A hydrometer with a Bouyocous 
scale (g/L) was placed in the sedimentation cylinders and the suspension density was recorded 40 
s after plunging ended. The mixing process was repeated three times for each solution for the 40s 
measurement and the average was used for statistical analyses. Eleven hours after the final 
plunging, the suspension density was measured again using the hydrometer to calculate the clay 
content. 
 
Calculations 
 The clay and silt percent was calculated using: 
% clay + % silt = [(R40sec – R0, corrected) / oven-dry soil mass in g] x 100  [1] 
where R40sec was the average hydrometer reading 40 s after plunging and  R0, corrected was the 
hydrometer reading of the blank. 
The clay percent was calculated using: 
% clay = [(R11hr  – R0, corrected) / oven-dry soil mass in g)] x 100       [2] 
where R11hr was the reading eleven hours after plunging and R0, corrected was the blank 
measurement.  
The silt percent was calculated using: 
% silt = (% clay + % silt) - % clay        [3] 
The sand percent was calculated by difference using: 
% sand = 100 – (% silt +% clay)      [4] 
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 In order to test the environmental variables identified earlier under controlled combinations, 
laboratory experiments were conducted. Given that the laboratory experiments were conducted 
outside, average daily temperature and relative humidity were recorded (Table 1). Field 
observations were also conducted to corroborate the results of the experiments. 
The experiment was designed to closely replicate the soil and slope environment of 
Northwest Arkansas. The flume held a thin soil profile on both impermeable bedrock and 
simulated permeable bedrock. The soil profile was compacted to replicate disturbance in the 
structure associated with construction and slopes adjacent to interstate highways. The slope angle 
varied in the field from 17 to 36 degrees and slope angle was varied during experiments. 
 
Laboratory Experiments 
In order to simulate scaled slope failures, a wooden flume was constructed to hold soil during 
a simulated rainfall event (Figure 5). The design followed Coleman et al. (2008). The box was 
assembled out of pine boards measuring 3.8 cm thick by 8.9 cm wide (1.5 by 3.5 inches). Two 
boards were cut to measure 1 m wide. Two boards were cut to a length of 1.5 m. Four boards 
were cut to measure 10 cm at the base. The 10 cm boards were cut at a 65º angle from the base to 
the top of the board along the 8.9 cm side of the board. Plywood measuring 1.9 cm thick, 107.6 
cm wide, and 117.6 cm long was cut to cover the bottom of the frame. The frame was assembled 
with 6.4 cm wood nails. The legs were modified with hinges in order to test the desired slope 
angles and a toe was added to simulate a natural slope. 
Flume legs were attached by hinges to permit simulation of varying slope angles. The legs 
were attached with hinges and screws at the top of the face of the box. Three slope angles were 
chosen based upon the recommendations of Lee (2005), who noted that nearly 39% of all slope 
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Treatment 
Combinations 
Slope Angles 
Tested 
Daily Average Air 
Temperature (°C) 
Daily Average Relative 
Humidity (%) 
 C-I-NC-NV 15, 20, 25 29.4 62 
 C-I-C-NV 15 26.7 43 
 C-I-C-NV 20 28.9 66 
 C-I-C-NV 25 60 60 
 F-P-C-NV 15, 20, 25 31.1 55 
 F-P-NC-NV 15, 20, 25 27.8 75 
 F-I-NC-NV 15, 20, 25 27.2 63 
 F-I-C-NV 15, 20, 25 27.8 52 
 C-P-NC-NV 15, 20, 25 23.9 60 
 C-P-C-NV 15, 20, 25 24.4 55 
Table 1. Summary of environmental conditions (daily average air temperature and relative 
humidity) for each day and treatment combination. Treatment combinations included 
coarse-textured soil on an impermeable bedrock with no compaction and no vegetation 
cover (C-I-NC-NV), coarse-textured soil on an impermeable bedrock that was compacted 
with no vegetation cover (C-I-C-NV), fine-textured soil on a simulated permeable bedrock 
compacted with no vegetation cover (F-P-C-NV), fine-textured soil on a simulated 
permeable bedrock with no compaction and no vegetation cover (F-P-NC-NV), fine-
textured soil on an impermeable bedrock with no compaction and no vegetation cover (F-I-
NC-NV), fine-textured soil on an impermeable bedrock with compaction and no vegetation 
cover (F-I-C-NV), coarse-textured soil on a simulated permeable bedrock with no 
compaction and no vegetation cover (C-P-NC-NV), and coarse-textured soil on a simulated 
permeable bedrock compacted with no vegetation (C-P-C-NV). 
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failures in his study area occurred between 16 and 25 degrees. The decision was made to study 
the slope stability at angles of 15, 20, and 25 degrees for this study (26.8%, 36.4%, and 46.6%, 
respectively). Typically, 15 runs were conducted during each experimental cycle (5 at each slope 
angle) for each treatment.  
In order to study the effects of soil texture, because the soil texture controls soil structure 
based on the grain size, two soil textures were examined. Sand was used in order to demonstrate 
the capacity of coarse-textured soils, with an abundance of macropores, to resist failure. Through 
dry sieving, it was determined that the sand was composed of, on average, 8% very coarse sand, 
37% coarse sand, 46% medium sand, and 9% fine and very fine sand. Using the hydrometer 
method (Gee and Bauder, 1979) the fine-textured soil used during the experimental component 
was determined to be a loam, from western Virginia. The loam was developed on interbedded 
calcareous shale and limestone (National Resource Conservation Service, 2011). 
 The effect of vegetation cover, presence and absence, was studied. Strips of sod grown in 2 
cm of native soil with turf reinforcement netting were used on the loam slope in order to simulate 
a natural vegetation cover. Multiple attempts were made to grow vegetation on sand, but no 
vegetation would grow. 
 Compaction was achieved by pressing a single wooden board onto the top of the soil (or 
vegetation in some cases) to compact the soil. The sand was compacted from 2.5 cm to 2 cm. 
The loam without vegetation was compacted from 2.5 cm to 1.5 cm and the loam with vegetation 
cover was compacted from 3 cm to 2.5 cm.  
During construction, the seams between the plywood floor boards were left unfilled to 
simulate fractures, which are frequently present in the geological environment of Northwest 
Arkansas. Two plastic liners were used to simulate the two bedrock classes. A plastic liner was 
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attached to the box with staples and was used in order to facilitate the removal of the soil. The 
liner was cut along the simulated fracture to allow water to pass through. The other liner was 
placed under the soil profile during certain experiments to simulate impermeable bedrock 
without fractures.  
 To simulate rainfall events, a hose was held in place with a wire cage (Figure 6). The hose 
was punctured with holes large enough to produce a mist and not streams of water. The hose was 
punctured with holes measuring roughly 0.5 mm in diameter at random points to ensure a 
realistic representation of rainfall. Delivery as a mist was chosen for minimal rain drop impact as 
well as uniform coverage of the soil. The hose was run parallel to the flume and the mist was 
projected in an upward direction so that drops achieved a height of 30 cm above the flume 
(Figure 6). 
Each variable was tested in a combination of presences and absences of the other variables. 
Experimental combinations were run five times to accurately portray a range of times in which 
the slope would fail at a rainfall intensity of at least 10 cm per hour (Edwards et al., 1992; 
Edwards and Daniel, 1993). Huat et al. (2005) used a rainfall intensity of 12.2 cm per hour; 
however the output of rainfall intensity of this study was measured at 12.7 cm per hour.  Time to 
failure, measured in seconds, was determined from the start of the simulated rainfall event and 
ended at the beginning of the slope failure, which was observed as a threshold response. Five 
replications were carried out for each treatment at one slope angle with a total of 120 failures and 
an additional 18 runs with vegetation cover.  
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Figure 5. Wooden flume design for experimental component of the study taken from Coleman et 
al. (2009) with modifications. Modifications include 10 cm toe to represent a natural slope and 
hinged legs to replicate multiple slope angles. A simulated fracture was added in order to test 
bedrock permeability and fractures the are prevalent in the geologic environment of Northwest 
Arkansas. 
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Figure 6. The delivery system was used to simulate a rainfall event. Simulated rain left the hose, 
rising to a height of 30 cm above the slope face and fell as a mist covering the entire area of the 
slope face. 
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Statistical Analyses 
 Data were analyzed by analysis of variance (ANOVA) using SAS 9.2 (SAS Institute Inc., 
2008). Two ANOVAs were conducted; one was conducted to analyze the factors of slope angle, 
soil texture, bedrock permeability, and compaction. The second ANOVA was conducted to 
analyze slope angle, compaction, and the presence and absence of vegetation cover. Means were 
separated by least significant differences at α = 0.05. The analysis was conducted in order to 
determine the significance of factors or treatment combinations in the relationship to time to 
slope failure. 
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Chapter 4. Results 
Field Results 
 Field observations of ten shallow slope failures (Figure 7) along Interstate-540 in Northwest 
Arkansas included: dimensions of the slope failures, where the slope failure occurred on the 
slope face, the slope angle at the head of the scarp (Table 2), depth to refusal (Table 3), and soil 
samples for particle size analysis (Figure 8). 
A possibility exists that these slope failures occurred during the same event, though this is 
not to say that these slope failures are one large slope failure. The distance between the two slope 
failures at site 1 (slope failures 1 and 2) is 5.8 m. The distance between slope failures 3 and 4 at 
site 2 was large and not measured. At site 2, the distance between slope failures 4 and 5 was 3.3 
m and the distance between slope failures 5 and 6 was 4.0 m. At site 3, the distance between 
slope failures 7 and 8 was 5.2 m. At site 3, the distance between slope failures 8 and 9 was 4.4 m 
and the distance between slope failures 9 and 10 was 2.4 m. At site 3 a scarp existed that 
connected all four slope failures. 
The depth to refusal was recorded and was used to analyze trends that were observed during 
rainfall simulations (Table 3). For eight out of ten slope failure sites, the slope failure toe was a 
thin point in the soil profile on the slope face below the slope failure toe. For the applicable slope 
failures, five out of the six slope failure heads were a thick point in the soil profile on the slope 
face above the slope failure head.  
For the majority of the slope failures, it was noted that the slip surface was gravelly and 
contained stones. Stones ranged in size but were generally several cm in diameter (Figure 9). 
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Figure 7. Slope failures examined along Interstate-540 in Northwest Arkansas. Slope failure 1 
(top right), slope failure 3 (top left), slope failure 6 (lower left), and slope failure 8 (lower right) 
are pictured. 
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Site Slope Failure 
Length 
(m) 
Width 
(m) 
Depth 
(cm) Slope Angle (°) 
Position on 
Slope Face (%) 
1 1 4.0 10.3 15.2 20 75 
1 2 2.4 2.0 12.7 30 66 
2 3 4.2 7.9 12.7 25 100 
2 4 1.8 2.3 15.2 17 100 
2 5 2.1 4.0 12.7 36 100 
2 6 2.1 8.0 17.7 20 100 
3 7 4.1 27.7 12.7 20 78 
3 8 2.4 7.4 12.7 22 72 
3 9 3.4 5.2 19.1 20 71 
3 10 4.0 8.1 16.5 24 71 
Table 2. Description of each slope failure along Interstate-540 including site number, slope 
failure number, length, width, depth, slope angle, and position on the slope measured in a 
percentage based on the top of the slope failure and the top of the slope face. 
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Slope Failure 
Position 1 2 3 4 5 6 7 8 9 10 
SFH + 3.6 m 15.2 12.7 NA NA NA NA NA >38.1 >38.1 >38.1 
SFH + 2.7 m 8.9 17.7 NA NA NA NA 3.8 29.2 >38.1 >38.1 
SFH + 1.8 m 12.7 10.0 NA NA NA NA 16.5 24.1 >38.1 >38.1 
SFH + 0.9 m 10.0 15.2 NA NA NA NA 22.9 27.9 >38.1 >38.1 
SFH 20.3 16.5 20.3 17.7 25.4 20.3 >38.1 30.5 25.1 >38.1 
SFT 16.5 12.7 15.2 12.7 12.7 14.0 15.2 12.7 30.5 17.7 
SFT - 0.9 m 21.6 17.7 30.5 22.9 20.3 19.1 10.0 21.6 27.9 30.5 
SFT - 1.8 m 21.6 19.1 34.3 27.9 31.8 12.7 >38.1 16.5 35.6 >38.1 
SFT - 2.7 m 19.1 21.6 30.5 19.1 26.7 15.2 >38.1 24.1 35.6 >38.1 
SFT - 3.6 m 15.2 >38.1 20.3 17.7 25.4 20.3 >38.1 31.8 29.2 >38.1 
Table 3. Recorded depths to refusal in cm for slope faces with slope failures. Depths were 
recorded in 90-cm increments from the top of the slope failure head (SFH) up the slope and from 
the slope failure toe (SFT) down the slope. Any value recorded as “>38.1” was a point where the 
soil was thicker than was possible to record with the given rebar. Any value recorded as “NA” 
was not applicable because the slope failure was at the top of the slope face or the slope failure 
occurred at a point less than 3.6 m from the top. 
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Figure 8. Soil texture triangle with soil textures for the slip surface at each slope failure plotted. 
Slope failure 6 had two samples that were composed of the same ratios of particle sizes. Slope 
failures 7 and 8 have two points plotted because only two of the three samples collected were 
analyzed. Points for slope failure 8 overlap because of the same ratio of particle sizes within the 
two samples. 
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Figure 9. Stones and gravel in slope failure 3. Measurements on the tape are in inches. 
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Mechanical Analysis 
 Grain size distributions for 28 soil samples were determined and fell into three textural 
classes (Figure 8). The majority (15) were loams, with 7 sandy loams, and 6 clay loams. Only 
three slope failures (slope failures 5, 6, and 10) were composed of the same soil texture at the 
head, middle, and toe. Slope failures 6 and 10 were composed of loam in all three positions and 
slope failure 5 was composed of sandy loam. 
 
Soil Texture, Slope, Bedrock Permeability, and Compaction Effects 
In this study, slope stability, as measured by time to failure, was affected by all treatment 
factors evaluated: soil texture, slope angle, simulated bedrock permeability, and compaction 
(p=0.02) (Table 4).  
For the majority of the treatments, the fine-textured soil took longer for the slope to fail than 
the coarse-textured soil with three exceptions: the coarse-textured soil both compacted and non-
compacted at 15° with underlying impermeable bedrock and the fine-textured soil compacted at 
15° with underlying impermeable bedrock (Figure 10). The fine-textured soil compacted at 15° 
with simulated permeable bedrock had the longest time to failure and was significantly different 
than any other treatment combination. Under the impermeable bedrock treatment, the effect of 
soil texture was less clear. Time to failure was significantly different between the two soil 
textures at all slope angles for compacted and non-compacted soils under simulated permeable 
bedrock and at 15° for compacted soils under impermeable bedrock treatments. 
Slope angle, as a factor in the four-way interaction (Table 4), had a significant impact on 
time to failure. However, the relationship between slope angle and time to failure was not 
directly negative for all treatment combinations where slopes at an angle of 15° took the longest 
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Treatment Factor DF    P-value 
texture 1    <0.01 
slope 2    <0.01 
   texture*slope 2    0.17 
bedrock 1    0.02 
   texture*bedrock 1    <0.01 
   slope*bedrock 2    0.26 
      texture*slope*bedrock 2    <0.01 
compaction 1    0.75 
   texture*compaction 1    0.48 
   slope*compaction 2    0.44 
      texture*slope*compaction 2    0.86 
   bedrock*compaction 1    0.07 
      texture*bedrock*compaction 1    <0.01 
      slope*bedrock*compaction 2    0.76 
         texture*slope*bedrock*compaction 2    0.02 
Table 4. Summary of p-values for soil texture, slope angle, simulated bedrock permeability, and 
compaction treatments and treatment interactions. Factors and treatment combinations were 
evaluated for significance at α = 0.05. DF denotes degrees of freedom. An asterisk (*) 
denotes interaction between factors. 
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Figure 10. Comparison of time to failure in non-compacted and compacted soils for three 
treatments: slope angle, soil texture, and simulated bedrock permeability. Treatment 
combinations included fine-textured soil with simulated permeable bedrock (F-P), fine-
textured soil with impermeable bedrock (F-I), coarse-textured soil with simulated permeable 
bedrock (C-P), and coarse-textured soil with impermeable bedrock (C-I). Different letters 
atop bars in both panels indicate a significant difference at the 0.05 level. Letter 
combinations that contain any of the same letter (i.e. bcd and defgh) are not significantly 
different. 
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amount of time to fail and slopes at an angle of 25° took the shortest amount of time to fail 
(Figure 10). In examining the four treatment combinations that took longer than 180 s for the 
slope to fail, three of those treatment combinations occurred at a slope angle of 15°. Seven of the 
eight slopes that failed in under 60 s occurred on slope angles of >15° (4 at an angle of 20°, 3 at 
an angle of 25°). 
Bedrock permeability had a significant impact on time to failure in the four-way interaction 
(Table 4), however the relationship between time to failure and bedrock permeability cannot be 
clearly defined as generally positive or negative (Figure 10). The relationship between time to 
failure and bedrock permeability is tied to soil texture where slopes composed of fine-textured 
soils took a longer time to fail on permeable bedrock, generally. In examining the four treatment 
combinations that took longer than 180 s for the slope to fail, three of those slopes were 
composed of fine-textured soil overlying simulated permeable bedrock.  
Compaction had significant impact on time to failure when in combination with other 
factors (Table 4). Compaction had an impact on time to slope failure under certain treatments, 
especially at a slope angle of 15°, but overall has fewer instances of impact on time to failure 
(Figure 5). Under a permeable bedrock treatment, the effect of compaction on time to failure was 
significant at a slope angle of 15° for fine-textured soil on simulated permeable bedrock, but not 
at slope angles of 20° or 25° (Figure 10). The slope of the compacted fine-textured soil took 
significantly longer to fail than the non-compacted fine-textured soil at a slope angle of 20°, but 
not slope angles of 15° or 25° on impermeable bedrock. Three out of the four slopes that took 
longer than 180 s to fail were composed of compacted fine-textured soil, however five out of the 
eight slopes that failed in under 60 s were composed of compacted coarse-textured soil. Like 
bedrock permeability, compaction shares a relationship with soil texture and time to failure. 
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Vegetation, Slope, and Compaction Effects 
 On a fine-textured soil, vegetation and compaction, but not slope, affected slope stability, as 
measured by time to failure (Table 5). The combination of vegetation and compaction had a 
significant impact on time to failure. Slopes without vegetation cover incurred slope failures, 
whereas slopes with a vegetation cover did not fail after 20 minutes of simulated rainfall (Figure 
11). Compaction had an impact on time to failure for the fine-textured soil, but not for vegetated 
slopes. 
 
Location of Slope Failure Initiation 
 The location of every slope failure within the flume was recorded. Of the 120 rainfall 
simulations conducted, all but eight slope failures were initiated at the midpoint on the slope face 
or above. Of those eight slope failures, five occurred in the fine-textured soil. The location of the 
slope failures was also related to areas of thin soil. The top of the slope failure scarp, where the 
slope failure originated, were at times thin points that existed due to an inability to create a 
completely flat surface on the slope face as I replaced the slope failures by hand and did not 
ensure a completely level surface existed. There were also points in the liner underneath the soil 
profile which were not completely flat, which led to more points of uneven soil thickness. 
Uneven surfaces are conditions which are common in nature. Slope failures also originated on 
the slope face where the slope had previously failed was a localized thin spot in the soil. The 
shape of the slope failures also changed with soil texture. Slope failures in the fine-textured soil 
showed greater depth than slope failures in the coarse-textured soil whereas slope failures in the 
coarse-textured soil showed greater width than in the fine-textured soil (Figure 12). Using the 
board (3.8 cm wide) for scale, note that the slope failure in the fine-textured soil (Figure 12A) is 
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less than 3.8 cm wide, but reached simulated bedrock, approximately 2 cm below the top of the 
soil. Slope failures in the coarse-textured soil (Figure 12B) achieved widths much wider than the 
board, while sometimes, but not always reaching the simulated bedrock, approximately 2 cm 
below the top of the soil.  
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Treatment Factor DF    P-value 
slope 2    0.61 
vegetation 1    <0.01 
   slope*vegetation 2    0.74 
compaction 1    0.01 
   slope*compaction 2    0.13 
   vegetation*compaction 1    0.04 
      slope*vegetation*compaction 2    0.28 
Table 5. Summary of p-values for slope, vegetation, and compaction treatments and treatment 
interactions. Factors and treatment combinations were evaluated for significance at α = 0.05. 
DF denotes degrees of freedom. An asterisk (*) denotes interaction between factors. 
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Figure 11. Comparison of time to failure in compacted and non-compacted fine-textured soil 
with and without a vegetation cover. Treatment combinations included soil with a 
vegetation cover and no compaction (V-NC), soil with a vegetation cover and compaction 
(V-C), soil with no vegetation cover and no compaction (NV-NC), and soil with no 
vegetation cover and compaction (NV-C). Different letters atop bars indicate a significant 
difference at the 0.05 level. Letter combinations that contain any of the same letter (i.e. cd 
and d) are not significantly different. 
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A            B 
Figure 12. Slope failures in the loam (A) showed greater depth than those in sand (B). The board 
in both pictures measures 3.8 cm wide. 
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Chapter 5. Discussion 
 The experiments conducted in this study suggest that shallow slope failure development is 
linked strongly to vegetation and textural properties of the failed mass. Other factors previously 
tied to slope failure development were shown to have an insignificant or unclear impact on slope 
stability. 
 
Soil Texture 
In this study, soil texture was shown to significantly affect slope stability. The experimental 
component demonstrated that fine-textured soil took a longer time to fail and generally created 
narrower slope failures in relation to those in the coarse-textured soil. Rahardjo et al. (2010) 
demonstrated that soils composed of coarse grains were less stable than a soil composed of fine 
grains. They also noted that soil properties collectively have a significant impact on occurrence 
of minimum factor of safety (FOS). Field observations showed that shallow slides along I-540 
were composed of relatively fine material. Soil texture impacted the shape of slope failures 
during experiments where slopes composed of coarse textured-soil produced relatively wider 
slope failures than slopes composed of fine-textured soil. In the field, soil texture does not 
apparently play a role in the relative dimensions of slope failures. 
 
Vegetation 
The only other treatment shown to have a significant impact on slope stability was 
vegetation cover. Because the sod died, the effect seen was a result of the interception of the 
simulated rainfall as identified by Rutter et al. (1971) and the tensile strength of the root system 
as ruled by Genet et al. (2010). Attempts to grow a vegetation cover on sand were made, but 
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were unsuccessful. This study only conducted experiments using a sod cover due to time 
limitations and, therefore, could not test the impact of vegetation with deeper root systems and 
the placement of this vegetation on the slope related to FOS as noted by Collison and Anderson 
(1996), Danjon et al. (2008), and Genet et al. (2010). This study only presents the benefits of 
vegetation without noting its detriments, such as the reduction of directly underlying soil 
temperature and the increase in humidity, causing retention of water and lower matric suctions in 
the soil (Kim and Lee, 2010). Though vegetation had a clear impact on slope stability slope, 
bedrock permeability, and soil compaction had lesser effects. 
 
Slope Angle 
 Increasing slope angle was expected to have a direct negative impact on slope stability. A 
sharp decline in slope stability was observed between the angles of 15° and 20° with a smaller 
decline between 20° and 25°. Lee (2005) found that the greater number of slope failures in their 
study area in Malaysia occurred between the angles of 21° and 25° than between 16° and 25°. Of 
the studied slope failures that occurred along I-540 in Northwest Arkansas, eight occurred 
between the range of 15° and 25° with four occurring at 20°. Of those eight slope failures, seven 
occurred between the range of 20° and 25°. The two slope failures not falling within this range 
occurred on steeper slopes. This validates the selection of the slope angles studied. In other 
cases, slope stability decreased from 15 to 20° and increased from 20° to 25°. This could be the 
result of a decrease in shear strength with increasing slope angle, which also increases runoff. 
Thus, as slope angle increases, the slope become less stable, but the soil also captures less water. 
The lack of significant difference in slope stability among slope angles for fine-textured soil 
(Table 3) could be the result of a narrow slope angle range or that 25° was not a high enough 
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slope angle. For both soil textures, slope angle appeared to have a greater effect from 15° to 20° 
on slope stability than compaction or simulated bedrock permeability. 
 
Compaction 
 Compaction had the least effect on slope stability among all factors assessed in the 
experimental component of this study. Rao and Revanasiddappa (2000) demonstrated that 
increased compaction led to a decrease in collapse potential for soil tested which was a clay. 
Among the two soil textures, the impact of compaction on slope stability was not significant 
though the impact of compaction on slope stability was significant for the fine-textured soil. In 
this study, the effect of compaction on slope stability was found to be principally related to soil 
texture. A fine-textured soil offers greater storage capacity (British Columbia Ministry of 
Agriculture, Food and Fisheries, 2002), however a coarse-textured soil allows for greater 
hydraulic conductivity for water. When soil is compacted, the macropores are destroyed and 
porosity and hydraulic conductivity are decreased (Koenig and Cerny, 2010). Loss of 
macropores more significantly affects the fine-textured soil than the coarse-textured soil as the 
coarse-textured soil has a greater number of macropores. The decrease in soil thickness through 
compaction was greater with the fine-texture soil, meaning that the coarse-textured soil 
maintained a greater number of macropores after compaction. Because the fine-textured soil has 
a lower hydraulic conductivity, the runoff is increased with this soil texture. Compaction 
improved the stability of fine-textured soil during experiments, in general, because it destroyed 
the macropores in the fine-textured soil which decreased infiltration and increased runoff. 
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Bedrock Permeability 
The impact of bedrock permeability on slope stability was significant but less direct than the 
factors of soil texture and vegetation cover. Underlying geology has been noted by Komac 
(2006) and Sidle and Ochiai (2006) to play a significant role in slope failure development. Sidle 
and Ochiai (2006) list many regolith types strongly associated with slope failure susceptibility 
worldwide, many of which have low permeability. It is not simply the rock type, however, but 
the characteristics associated with that rock and the characteristics which are conveyed into the 
soil being developed on this bedrock that determine slope stability. Weathering processes also 
play a significant role in determining slope stability through the control on regolith strength and 
movement of water (Maharaj, 1995; Chigira, 2002a; Chigira, 2002b; Ngecu et al., 2004; 
Wakatsuki et al., 2005; in Sidle and Ochiai, 2006). Because water has such a significant impact 
on slope failures, the characteristics of a soil, as well as the bedrock on which it developed, must 
be examined for any measurement of slope susceptibility to have any weight. 
 
Slope Failure Position 
 During experiments, it was observed that slope failures occurred consistently at similar 
points on the slope face. All but eight slope failures occurred at the midway point of the slope 
face or above. This was likely due to the loss of toe support on the face of the slope. The effect 
was lost at some point on the face, roughly at the midway point, and the upper half of the slope 
became more susceptible to failure. For all slope failures examined along Interstate-540, the head 
of the slope failure occurred above the midway point on the slope face. All slope failures along 
Interstate-540 occurred on the backslope or at the crest of the slope. Some amount of force 
exerted from the toe of the slope exists that is necessary to stabilize the rest of the slope face. 
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Oztekin et al. (2005) conducted a limit equilibrium analysis in which they determined that the 
force needed at the toe of the slope to produce a FOS of 1.25 was 30 kN/m2. 
Slope failures were also noted to occur at localized thin points in the soil during 
experiments. Heads of slope failures originated at thin points in the soil profile during 
experiments. This was possibly due to the lack of soil water storage, where the amount of water 
in the soil profile increases enough to mobilize the soil. In the field it was noted that, for 
applicable slope failures, depth to refusal at the head of the slope failure was greater than at 
points above the head of the slope failure. For the majority of the slope failures along Interstate-
540, depth to refusal at the toe of the slope failure was shallower than at points below the toe of 
the slope failure. In this instance, it is possible that the amount of loading at the head along with 
the lack of regolith at the toe to support the above soil created a susceptible slope failure 
environment. The gravels and stones located in the slope failures examined could have produced 
a slip surface due to the inhibition of water percolation. Measurements of depth to refusal 
indicate shallow soils at most points examined along Interstate-540. Shallow soils along with the 
presence of gravels and stones could represent regolith at sites examined along Interstate-540. 
The experiments were designed to focus on shallow slope failures similar to those along 
Interstate-540 in Northwest Arkansas. Scaling the results of the experiments to larger slope 
failures comes with limitations. Scale linkage has been shown to be suitable for an increase of 
one order of magnitude (Phillips, 1999). For modeling shallow slope failures, the experiments 
produce results that could be applicable to circumstances in the field as the dimensions of the 
box were 1 m by 1.5 m and the slopes examined were tens of meters in dimension, producing 
shallow slope failures several meters wide. The experiment was designed to closely replicate the 
soil and slope environment of Northwest Arkansas. The flume held a thin soil profile on both 
53 
 
impermeable bedrock and simulated permeable bedrock. The soil profile was compacted to 
replicate disturbance in the structure associated with construction and slopes adjacent to 
interstate highways. The slope angle varied in the field from 17 to 36 degrees and slope angle 
was varied during experiments. In future experimental runs as a part of studies similar to this 
one, slope angle could be more widely varied to capture the behaviors of slopes at steeper slope 
angles. 
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Chapter 6. Conclusions 
 Two factors were determined to have a significant impact on slope stability: vegetation 
cover and soil texture. The clearest distinction between two classes under one treatment was 
vegetation. The vegetated slope never failed. The fine-textured soil was shown to be the more 
stable soil texture for the majority of treatment combinations. The other factors examined had a 
significant impact on slope stability, but the relationship could not be clearly defined as generally 
positive or negative. 
 The three other factors tested (slope angle, bedrock permeability, and compaction) had 
complex relationships with slope stability. Slopes were most stable at slope angles of 15° for the 
most part and decreased in stability at angles of 20° and greater. No clear differences between 
slope angles of 20° and 25° slopes were observed. In some cases, slopes at angles of 25° were 
more stable than slopes at angles of 20°. Bedrock permeability was shown to have different 
effects on the two soil textures where the fine-textured soil was more stable with an underlying 
simulated permeable bedrock and the coarse-textured soil was more stable with an underlying 
impermeable bedrock. Compaction had a clear effect under permeable bedrock treatments and 
among the fine-textured soil, but lacked a general relationship to slope stability. 
 Work needs to be continued to further study edaphic, geologic, and geomorphic effects on 
slope stability. This study determined that soil texture significantly affects slope stability. A 
future study might examine percentages of each particle size and better determine the soil 
textures that lead to less stable slopes. Future studies might also cover the topic of slope stability 
as it relates to the number and thickness of soil horizons. A limit equilibrium analysis similar to 
the study conducted by Oztekin et al. (2005) could be conducted for roadside slopes in order to 
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determine the amount of force that was necessary to support the slope which failed and 
determine the susceptible point on the slope face. 
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Appendix A 
Run # Soil Texture 
Slope 
Angle 
Bedrock 
Permeability 
Vegetation 
Cover Compaction 
Time to 
Failure 
1 Sand 25 Impermeable None None 75.6 
2 Sand 25 Impermeable None None 33.9 
3 Sand 25 Impermeable None None 68.1 
4 Sand 25 Impermeable None None 74.6 
5 Sand 25 Impermeable None None 131.0 
11 Sand 20 Impermeable None None 36.0 
12 Sand 20 Impermeable None None 38.4 
13 Sand 20 Impermeable None None 41.9 
14 Sand 20 Impermeable None None 31.3 
15 Sand 20 Impermeable None None 59.4 
16 Sand 15 Impermeable None None 296.3 
17 Sand 15 Impermeable None None 156.3 
18 Sand 15 Impermeable None None 198.1 
19 Sand 15 Impermeable None None 64.5 
20 Sand 15 Impermeable None None 141.2 
21 Sand 15 Impermeable None Compacted 225.3 
22 Sand 15 Impermeable None Compacted 330.3 
23 Sand 15 Impermeable None Compacted 127.6 
24 Sand 15 Impermeable None Compacted 168.6 
25 Sand 15 Impermeable None Compacted 195.6 
26 Sand 20 Impermeable None Compacted 67.7 
27 Sand 20 Impermeable None Compacted 70.3 
28 Sand 20 Impermeable None Compacted 35.9 
29 Sand 20 Impermeable None Compacted 36.4 
30 Sand 20 Impermeable None Compacted 62.4 
31 Sand 25 Impermeable None Compacted 61.9 
32 Sand 25 Impermeable None Compacted 60.3 
33 Sand 25 Impermeable None Compacted 38.9 
34 Sand 25 Impermeable None Compacted 37.1 
35 Sand 25 Impermeable None Compacted 41.4 
54 Loam 15 Permeable None Compacted 418.3 
55 Loam 15 Permeable None Compacted 291.6 
56 Loam 15 Permeable None Compacted 163.7 
57 Loam 15 Permeable None Compacted 273.6 
58 Loam 15 Permeable None Compacted 362.5 
59 Loam 20 Permeable None Compacted 179.6 
60 Loam 20 Permeable None Compacted 211.1 
61 Loam 20 Permeable None Compacted 301.4 
62 Loam 20 Permeable None Compacted 182.1 
63 
 
63 Loam 20 Permeable None Compacted 172.3 
64 Loam 25 Permeable None Compacted 152.5 
65 Loam 25 Permeable None Compacted 224.3 
66 Loam 25 Permeable None Compacted 208.2 
67 Loam 25 Permeable None Compacted 118.9 
68 Loam 25 Permeable None Compacted 136.7 
69 Loam 25 Permeable None None 177.4 
70 Loam 25 Permeable None None 214.5 
71 Loam 25 Permeable None None 84.3 
72 Loam 25 Permeable None None 153.4 
73 Loam 25 Permeable None None 194.4 
74 Loam 20 Permeable None None 154.4 
75 Loam 20 Permeable None None 163.5 
76 Loam 20 Permeable None None 247.9 
77 Loam 20 Permeable None None 110.4 
78 Loam 20 Permeable None None 69.1 
79 Loam 15 Permeable None None 316.7 
80 Loam 15 Permeable None None 121.5 
81 Loam 15 Permeable None None 270.6 
82 Loam 15 Permeable None None 84.4 
83 Loam 15 Permeable None None 218.4 
84 Loam 15 Impermeable None None 168.2 
85 Loam 15 Impermeable None None 98.2 
86 Loam 15 Impermeable None None 126.5 
87 Loam 15 Impermeable None None 188.1 
88 Loam 15 Impermeable None None 93.6 
89 Loam 20 Impermeable None None 139.0 
90 Loam 20 Impermeable None None 239.3 
91 Loam 20 Impermeable None None 70.5 
92 Loam 20 Impermeable None None 135.9 
93 Loam 20 Impermeable None None 91.3 
94 Loam 25 Impermeable None None 129.4 
95 Loam 25 Impermeable None None 80.5 
96 Loam 25 Impermeable None None 55.0 
97 Loam 25 Impermeable None None 105.9 
98 Loam 25 Impermeable None None 159.7 
99 Loam 25 Impermeable None Compacted 154.7 
100 Loam 25 Impermeable None Compacted 33.6 
101 Loam 25 Impermeable None Compacted 65.4 
102 Loam 25 Impermeable None Compacted 177.1 
103 Loam 25 Impermeable None Compacted 92.8 
104 Loam 20 Impermeable None Compacted 49.7 
105 Loam 20 Impermeable None Compacted 60.5 
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106 Loam 20 Impermeable None Compacted 28.6 
107 Loam 20 Impermeable None Compacted 41.5 
108 Loam 20 Impermeable None Compacted 41.3 
109 Loam 15 Impermeable None Compacted 54.7 
110 Loam 15 Impermeable None Compacted 128.3 
111 Loam 15 Impermeable None Compacted 100.0 
112 Loam 15 Impermeable None Compacted 106.7 
113 Loam 15 Impermeable None Compacted 36.9 
114 Sand 15 Permeable None None 50.1 
115 Sand 15 Permeable None None 65.4 
116 Sand 15 Permeable None None 57.3 
117 Sand 15 Permeable None None 161.1 
118 Sand 15 Permeable None None 100.4 
119 Sand 20 Permeable None None 66.6 
120 Sand 20 Permeable None None 82.2 
121 Sand 20 Permeable None None 49.7 
122 Sand 20 Permeable None None 107.4 
123 Sand 20 Permeable None None 38.3 
124 Sand 25 Permeable None None 36.6 
125 Sand 25 Permeable None None 28.9 
126 Sand 25 Permeable None None 29.9 
127 Sand 25 Permeable None None 22.2 
128 Sand 25 Permeable None None 31.4 
129 Sand 25 Permeable None Compacted 45.1 
130 Sand 25 Permeable None Compacted 23.0 
131 Sand 25 Permeable None Compacted 17.4 
132 Sand 25 Permeable None Compacted 20.3 
133 Sand 25 Permeable None Compacted 25.0 
134 Sand 20 Permeable None Compacted 27.7 
135 Sand 20 Permeable None Compacted 28.4 
136 Sand 20 Permeable None Compacted 21.4 
137 Sand 20 Permeable None Compacted 28.6 
138 Sand 20 Permeable None Compacted 28.7 
139 Sand 15 Permeable None Compacted 97.4 
140 Sand 15 Permeable None Compacted 63.1 
141 Sand 15 Permeable None Compacted 39.2 
142 Sand 15 Permeable None Compacted 25.0 
143 Sand 15 Permeable None Compacted 36.0 
 
Data file used to calculate analysis of variance (ANOVA) for non-vegetated experiment runs. 
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Soil Texture Slope Angle Bedrock Permeability 
Vegetation 
Cover Compaction Time to Failure 
Loam 15 Impermeable Grass None 1200 
Loam 15 Impermeable Grass None 1200 
Loam 15 Impermeable Grass None 1200 
Loam 20 Impermeable Grass None 1200 
Loam 20 Impermeable Grass None 1200 
Loam 20 Impermeable Grass None 1200 
Loam 25 Impermeable Grass None 1200 
Loam 25 Impermeable Grass None 1200 
Loam 25 Impermeable Grass None 1200 
Loam 25 Impermeable Grass Compacted 1200 
Loam 25 Impermeable Grass Compacted 1200 
Loam 25 Impermeable Grass Compacted 1200 
Loam 20 Impermeable Grass Compacted 1200 
Loam 20 Impermeable Grass Compacted 1200 
Loam 20 Impermeable Grass Compacted 1200 
Loam 15 Impermeable Grass Compacted 1200 
Loam 15 Impermeable Grass Compacted 1200 
Loam 15 Impermeable Grass Compacted 1200 
Loam 15 Impermeable None None 168.2 
Loam 15 Impermeable None None 98.2 
Loam 15 Impermeable None None 126.5 
Loam 15 Impermeable None None 188.1 
Loam 15 Impermeable None None 93.6 
Loam 20 Impermeable None None 139.0 
Loam 20 Impermeable None None 239.3 
Loam 20 Impermeable None None 70.5 
Loam 20 Impermeable None None 135.9 
Loam 20 Impermeable None None 91.3 
Loam 25 Impermeable None None 129.4 
Loam 25 Impermeable None None 80.5 
Loam 25 Impermeable None None 55.0 
Loam 25 Impermeable None None 105.9 
Loam 25 Impermeable None None 159.7 
Loam 25 Impermeable None Compacted 154.7 
Loam 25 Impermeable None Compacted 33.6 
Loam 25 Impermeable None Compacted 65.4 
Loam 25 Impermeable None Compacted 177.1 
Loam 25 Impermeable None Compacted 92.8 
Loam 20 Impermeable None Compacted 49.7 
Loam 20 Impermeable None Compacted 60.5 
Loam 20 Impermeable None Compacted 28.6 
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Loam 20 Impermeable None Compacted 41.5 
Loam 20 Impermeable None Compacted 41.3 
Loam 15 Impermeable None Compacted 54.7 
Loam 15 Impermeable None Compacted 128.3 
Loam 15 Impermeable None Compacted 100.0 
Loam 15 Impermeable None Compacted 106.7 
Loam 15 Impermeable None Compacted 36.9 
 
Data used to calculate analysis of variance (ANOVA) for comparison of vegetated and non-
vegetated experiment runs. 
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SAS model used to analyze data file consisting of non-vegetated experiment runs. 
Title: ‘Landslide Study’ ; 
options ls = 110 ps = 68; 
 
data landslide; 
  infile ‘failure.csv’ firstobs = 2 delimiter = “,” truncover; 
  input run texture $ slope bedrock $vegetation $ compaction $ time; 
run; 
 
title2 ‘Original Data’; 
proc print data = landslide; 
run; 
 
proc sort data = landslide; by bedrock texture; 
run; 
 
title2 ‘ Sorted Data’; 
proc print data = landslide;  
run; 
 
 
title2 ‘ANOVA’; 
proc glm data = landslide; 
      class texture slope bedrock compaction; 
      model time = texture | slope | bedrock | compaction; 
      means texture slope bedrock compaction /lsd lines; 
      output out = new student = student; 
run; 
ods rtf close; 
 
proc plot data = new hpercent = 65; by bedrock texture; 
      where bedrock = ‘Impermea’ and texture = ‘Loam’; 
      plot student*run / vref = 0 vaxis = -3 to 3 by 0.5 href = 88.5 93.5 98.5 103.5 108.5; 
run; 
 
proc plot data = new hpercent = 65; by bedrock texture; 
      where bedrock = ‘Impermea’ and texture = ‘Sand’; 
      plot student*run / vref = 0 vaxis = -3 to 3 by 0.5 href = 5.5 15.5 20.5 25.5 30.5; 
run; 
 
proc plot data = new hpercent = 65; by bedrock texture; 
      where bedrock = ‘Permeabl’ and texture = ‘Loam’; 
      plot student*run / vref = 0 vaxis = -3 to 3 by 0.5 href = 58.5 63.5 68.5 73.5 78.5; 
run; 
 
proc plot data = new hpercent = 65; by bedrock texture; 
      where bedrock = ‘Permeabl’ and texture = ‘Sand’; 
      plot student*run / vref = 0 vaxis = -3 to 3 by 0.5 href = 118.5 123.5 128.5 133.5 138.5; 
run; 
quit; 
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SAS model used to analyze data file consisting of vegetated and non-vegetated experiment runs. 
Title 'Landslide Study - with vegetation factor'; 
options ls = 110 ps = 68; 
 
data landslide; 
  infile 'failure_withvegetation.csv' firstobs = 2 delimiter = "," truncover; 
  input texture $ slope bedrock $ vegetation $ compaction $ time; 
run; 
 
title2 'Original Data'; 
proc print data = landslide; 
run; 
 
proc sort data = landslide; by bedrock texture; 
run; 
 
title2 ' Sorted Data'; 
proc print data = landslide; 
run; 
 
ods rtf file = 'anova2.rtf' bodytitle style = journal; 
title2 'ANOVA'; 
proc glm data = landslide; 
       class slope vegetation compaction; 
       model time = slope | vegetation | compaction; 
       means slope compaction vegetation / lsd lines; 
       means vegetation*compaction; 
       output out = new student = student; 
run; 
ods rtf close; 
quit; 
